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the layer-by-iayer absorpiances. These properiies are in turn combined with
layer-specific measurements of the inward-flowing fractions of absorbed

solar energy to produce the overaii solar heat gain coefficient.

The method has been applied to one of the most optically complex
systems in common use, a venetian blind in combination with multiple
glazings. A comparison between the scanner-based calculation method and
direct system calorimetric measurements made on the LBL MoWiTT facility
showed good agreement, and is a significant validation of the method
accuracy and feasibility.

Introduction

This report summarizes the work on ASHRAE Research Project 548-RP. The
detailed results of the project are described in four technical publications(Klems and Warner
1992; Klems 1994A; Klems 1994B; Klems and Warner 1995) and two draft
publications(Klems and Kelley 1995; Klems, Warner et al. 1995). Additional output is
contained in a publicly available data base of measurements maintained at Lawrence
Berkeley Laboratory (LBL).



The goal of this research project was to develop a method for characterizing the
performance of glazing systems containing optically complex elements, such as venetian
blinds, shades, or other nonspecular shading devices, and to demonstrate the feasibility of
this method by accumulating the data necessary to apply the method and comparing the
resulting prediction of solar heat gain coefficient (SHGC) with measurements made under
realistic conditions.

Strategy and Scope of the Project
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Beginning with the standard definition of the SHGC, F, extension to a muitiiayer
compiex giazing system requires an F that may depend (in the most compiex case) on two
angles (6,¢) specifying the input direction. The incident angle, g, is the angle between the
incident rays and the normal to the plane of the glazings. When one of the fenestration

“elements has a characteristic direction in the glazing plane (e.g., the direction of venetian

blind slats), then F may also depend on the azimuthal angle, f, of the plane of incidence
(the plane containing both the incident direction and the normal to the glazing plane) relative
to that characteristic direction. In the general case, then, the SHGC is given by
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where Trg is the directional-hemispherical solar-optical transmittance of the system, it is
assumed that there are M layers, Ag is the front absorption and N; the inward-flowing
fraction (IFF) of the i th layer. For determining F the project methodology utilizes two
strategies, which we term thermal-solar separation and the layer method: (1) Thermal-solar
separation: N;j must be determined calorimetrically for a given system geometry and set of
emittances, but will be the same for all such systems regardless of the solar-optical
properties of the layers. It therefore need only be determined once for a "thermally
prototype" system and can be combined with quantities Ty and Ag; determined by non-
calorimetric optical techniques to produce values of F for a variety of similar systems. (2)
The layer method: Tgg and Ag, which are system solar-optical properties (Ag being the
layer absorptance in a given system), are calculated from the bi-directional transmittance
and reflectance distribution functions of individual layers.

In addition the project characterizes compiex iayer bi-directional properties by a
measurement of their spatially-averaged characteristics over a suitably chosen grid of
discrete directions.

This strategy represents an extreme position on what is really a continuum of possible
characterization strategies, all of which share the necessary condition of solar-thermal
separation. Since, in principle, measurement of spatially averaged properties can be
applied to any shading or sun-control device of reasonably modular construction

( overhanoq and awnings, which do not fall in this class, may be adequately treated with

alreadv-existing calculation methods), a successful proof-of concept of this method will
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also, by demonstratmg the viability of solar- optlcal separation, support the validity of
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intermediate methods. As will be seen, nearly any subsystem may be designated as a layer
and assigned layer bi-directional properties that may be determined in a variety of ways.

The value of thermal-solar separation is that it limits calorimetry, which is a laborious
and time-consuming measurement, to the minimal generic characterization of systems,
allowing solar-optical differences (such as color or design, which may have architectural
importance) to be characterized by simpler and faster optical measurement and/or
calculational techniques. The layer method, in turn, allows the concentration of
measurement or calculational cffon on the part of a system that has truly complicated solar-
-rties without having to treat it in multiple combinations with simpler optical

a veneti n blind, which is onncallv comolex may be combined in
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In practice, experience alone will determine which methods are most effective and
economical for characterizing specific systems. Calculations of overall SHGC could show
that some systems might be characterized to sufficient accuracy by a very simple model
with a few characteristics to be determined by measurement. For example, it might prove
adequate to characterize a shade as a perfectly diffuse reflector and transmitter (or perhaps
having some other, theoretical, distribution). In that case an integrating sphere
measurement to determine overall reflectance and transmittance of the shade would be
sufficient. A fixed louver system might be characterizable as a combination of (incident-
direction-dependent) specular transmitter and diffuse reflector/transmitter; or, alternatively,
it might be possible to compute its complete bi-directional layer properties from its
geometric shape and measurements of the bi-directional relectance distribution function
(BRDF) of its surfaces. Again, a device that either could not be disassembled or had
poorly controlled variable aspects to its construction (variations in venetian blind slat
positioning and shapes come to mind) might require spatially-averaged layer bi-directional
measurements either on a single sample or a representative set of samples (to determine
mean properties and variability).
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In the layer method, the fenestration system is broken up into a series of plane-
1 laye e oing radiance from a la.ycr is characterized by its distribution over
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| runs over all of the grid elements. This information is arranged into a colum
outgoing radiance:

[ 1060 ™Y
(169,00))
(2) 4(2) i
| 6@, 08
1= | l (2)
| 100D (N |
\1(Bg ", 05°))

The number of elements in (i.e., the dimension of) the column vector depends on the
number of directions necessary to specify the output radiance sufficiently. For example,
for a hichlv diffugino laver for which the ontooino radiance does not ds-npnd oreatlv on the
Tor a highly diffusing layer 1or which the outgoing radiance aoes not aepend greatly on the
incident direction. our scheme would use seven elements: for the most complex laver it
1 1 fion, our scheme wouid use seven elements; for the most compiex layer it
neac 145 ore or fewer aleamente conld he need ac eynerience dictateg
UOWD 4 TS AVAWVINW Vil 1w YV vl WwWiVIiLIIWIILLO VUMIV Vv UWowW o vl\t)v;lvllvv NEAWLUALW O

Each direction in the grid characterizes an element of solid angle, AQ‘"”, and these are
arranged in a diagonal matrix, called a propagation matrix,

( AQ™ cos(6) 0 0 )
! 0 AQ® cos(8®) 0 I
A= A - l 3)
| 0 0
L 0 0 AQ™ cos(8™))

so that the incoming irradiance, E, at the next layer (a column vector) can be calculated by
matrix multiplication,

(E(e(l)’(p(n)\ ([ AQM cos(e“)) . I(e(l)’d')(l)) \
l E(e(Z) q»."(2)) I l AQ.(Z) COS(%(z))-I(e(Z) ¢(2)) |
* 4

E=! {=A-I={ I 4)

LE@™,0™)) LAQ™ cos(@™) - 10™,6™) )
The biedirectienal transmittance distribution function (BTDF) of a
_____ =) 2. nlm) 2(mN v P U.P PR Sy U SRS SO I I LU S
1dycr, T\Uu (Po s Ul . (pl )y WIICIC 'L UCTIOICS U AlISITHLILANCE ITOIN dil 1IICOIIE ZI1d Alrceuon
(6, ™) to an outgoing grid direction 6“’ “’ , is arranged into a transmittance matrix,
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so that the outgoing radiance distribution, I, from a layer with an incident irradiance E is
calculated by simple matrix multiplication:

I=1-E. (6)

A specular layer in this notation appears as a diagonal matrix, since the outgoing and
incoming angles must be the same in that case. The notation and the calculation method are
derived and explained in more detail in (Klems 1994B) and (Klems and Warner 1995),
where technical matters such as the distinction between front and back bi-directional
properties and the numbering conventions for layers are discussed. The key relation
developed in those papers is a composition equation for computing the property matrices of
asystem of n+1 layers that is formed by adding a known layer to a (known) subsystem of
n layers, as illustrated in Figure 1: '

T = T 'A'(I_Rn'A'an 'A)_I - T, )
where the Greek letters Tn+1 and pn+1 denote the additional transmittance and reflectance
matrices, Tp4] denotes the transmittance matrix of the (n+1)-layer system including layer
n+1, and Tp and Ry denote the transmittance and reflectance matrices of the n-layer
subsystem to which layer n+1 is added. Since the n-layer subsystem is entirely arbitrary
equation 7 is a recursion relation that allows one to build up a system of any number of
layers by repeated application of the equation beginning with n=1 (a "subsystem"
composed of a single layer). Analogous equations for reflectance and prescriptions for
computing the layer absorptances of an arbitrary system are developed in (Klems 1994B)
and (Klems and Warner 1995).

There is nothing mysterious about these mathematical manipulations. Many standard
software packages exist to carry out matrix calculations. The calculations for (Klems and
Warner 1992), which treated a diffusing shade under simplified assumptions and needed
only 7 X 7 matrices, were done using a standard spreadsheet program. For the larger
vectors and matrices necessary to deal with two-dimensional input and output angle
specifications the manipulations and bookkeeping become tedious and confusing, and
special-purpose software (utilizing standardized calculation packages, such as matrix
inversion) was written to carry out the calculations. But this was merely for convenience,
not because the calculation is in any way specialized or esoteric.
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Fig 2. A Schematic Drawing of the Scanning Radiometer. The apparatus consists ofa

fixed source and a sample mounted on a plane that rotates about a fixed vertical
axis relative to the source, to proauce a glven incident angle . 1ne sample also

........

rotates about an axis pc1pcuuu.u1cu to this plduc to pluuuuc the incident azimuthal
angle, ¢ The detcctor is mounted on a semmrcular arm that rotates through the
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Fig. 3 A phoiograph of ithe Scanning Gonio-Radiometer/Photometer
he detector arm is in the forward-hemisphere-scanning

(“Scanner”). T
confiouration nused
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to measure bidirectional reflectance.



The scanner calibration was checked by making bi-directional measurements on a 7.5
in. square Spectralon® lambertian reflector of known (approximately 98%) hemispherical
reflectance, uniform with wavelength over the 350-2200 nm region. The bi-directional
measurements were analyzed with our software to produce the directional-hemispherical
reflectance, which is shown in Figure 4. The measured hemispherical reflectances are
consistent within their experimental error with the 98% reflectance of the calibration
sample. Measurements become very inaccurate (+40%) at the largest incident angle (75°)
ut are still reasonably gurate (x10%) at 60° incidence. Part of the uncertainty at 75°

und reflectance and affects only reflectance measurements;

the g.om etric acceptance at this angle remain substantial.
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Fig. 4 Measured Hemlspherlcal Reﬂectance of Spectralon® Calibration
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aample. Data measured with the radiom metric sensor was used in the
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We next proceeded to measure the shading devices to be included in the layer
properties data base. These devices are listed in Table 1. In the current data base, a
venetian blind with its slats adjusted to different tilt angles is considered a set of distinct
devices, as indicated in the table. From this list we selected out two devices to be used in
the proof-of-concept study. These were the light translucent shade, described by its
manufacturer as "white, light-filtering" and the light-colored venetian blind, which
appeared to be a color close to off-white, but was described by its manufacturer as "buft™.
The measurements on the latter for a 45° slat tilt were used. These two candidates were
chosen because they were taken to represent the extremes of difficulty for the application of
the layer method. Measurements on the white translucent shade were utilized to determine
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the directional- hemlspherlcal properties shown in Figure 5. Derived by integrating
measuremenis of ihe complete ouigoing distribution and determining absorption from the
measured transmiitance and refleciance, these measurements confirm the assumptions of
Vasal 1NNAN el fil nnisiamaal AILL.. o n LialiAaciiae nt Tawan
(KI€mS ana wamer 1¥92) On lnlb byblcnl, WwiICIl aSSuImEa dairrus€ ovCidvior at raige

outgoing angles. These measurements show small differences between the photometrlc

and radiomeitric properties of the shade; however, the radiomeiric signal is quite small and
we consider the differences to be unreliable because of pOIen[ldl uncertainties in
background subtraction and thermai drift which are not well known yet and are noi
included in the estimated errors. This interpretation of the results is strengthened by the
fact that the calculated absorptances (which are caicuiated from the hemisphericai
transmittance and reflectances) are negative in some instances, aithough in each of these,
consistent with zero within our estimated error.

Radiometer

Table 1. Devices Measured with the Scanning Radiometer
Device Color Type or Comments
Slat Tilt

Drape, Light, Onen Weave | separate specular measurement
Drape, Light, | Closed Weave

Drape, Dark, |Open Weave | separate specular measurement
Drape, Dark, | Closed Weave

Venetian Biind, | Light, |0° (open) separaie specular measurement
Venetian Blind, | Light, | 45°tilt separate specular measurement

Rlind Lioht 90° (closed)

a Az inay Asipmasvy \vAvSeRe

Roller Shade, Light, | Transiucent
Roller Shade, Dark, | Translucent

DAl Chad T NHin
AOuCT S5i11aae, ulght, vpagqul

Roller Shade, Dark, | Opaque

Woven Fabric Light separate specular measurement
Screen,
Woven Fabric | Dark separate specular measurement

Screen,




11

145 o Rad trans

1..2 - — | Y Y -
> . T O Raa Reitl
.E 1 T Nad [ S
2 aal |l & £ v Rdddbs
o V. y @ @
E ) o) + m Dhnt trane

0.6? || B § IV Ui
P & Phot refl
§ VAT i R M
2028wl B w—m—1 A Photabs
o ; !
2 0X 1§ i
E ] Y] vy |}
S -0.2]
I ] T

-0.4 3 |

=e'6 :llll TTTT LU LB TTrrrjeryld TTT1I IIJ:I LELELEL

0 10 20 30 40 50 60 70 80 90
incident Angie (de g S)

Fig. 5 Measured Directional-Hem herical Properties of a Commercially

Purchased Translucent White Shade.

Figure 6 illustrates the transmittance properties of the light-buff-colored venetian
blind. This figure is drawn from a set of measurements made on the blind with the slats at
a 45° tilt; data was also accumulated for the slats fully closed and fully open (horizontal).
Each set of measurements included bi-directional measurements over the full range of
incident and outgoing directions for both reflection and transmission, front and back
incidence. Where possible, symmetries were utilized to reduce the number of
measurements that needed to be made, e.g., since the blinds are right-left symmetric, it was
only necessary to measure over a range of 180° in the incident azimuth, rather than 360°.
The full outgoing hemisphere was measured for each incident condition, as described
above.
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The strongly asymmetric character of 6A is thus understandable as the result of the
downward blind tilt, which excludes the direct sun but is highly transmitting for upward-
going radiation reflected from the ground. The outgoing transmittance distribution in 6B
thus shows a minimum at the direct sun angle (y=-45°), a broad ridge at around y=0,
which is radiation twice diffusely reflected from the blind slats, and a higher broad ridge at
large positive v, which is radiation once diffusely reflected from the front side of the blind.

system as complex as a venetian blind at a bmgie blin I
sun-following calorimeter measurement, if successful migh
day, and would give a single point in 6A. On the scanner this measurement takes around
20 minutes, yields around one thousand data points, and enables us t -
addition to the point in 6A. In either case, in order to characterize accurately
gain (for a given slat angle) including beam, diffuse and ground-refiected radiation one
would need all of the information in 6A, which contains some 78 directional-hemispherical
measurements, a lengthy measurement (some 5 days of round-the-clock measurement) with
the scanner, but a much more arduous one (a minimum of 39 days) with a calorimeter. The
additional detail of 6B provided by the scanner measurement is the information that allows
one to carry out a layer caiculation, as opposed to making separate measurements for each
fenestration combination containing the blind. This means that the 5 days of scanner
measurement would provide the information necessary to characterize the venetian blind in
all combinations with specular glazing layers. The 39-day calorimeter measurement would

need to be repeated for each combination.
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exterior air and radiative temperatures would o€ €XpeCte
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For all of these reasons, it was considered important to measure Nj under realistic
indoor and outdoor conditions for the proof-of-concept study. Evaluating the extent to
which they vary with external weather conditions was an important part of defining the
method. Clearly, if the Nj showed a high degree of variability, providing a representative
set of values for solar heat gain calculations would be a much more difficult task than if the
variability were low.
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We performed these inward-flowing fraction measurements using the Mobile
Window Thermal Test (MoWiTT) Facility(Kiems, Selkowitz et al. 1982) in Reno, NV.

This facility consists of two side-by-side room-sized guarded calorimeters. To measure the
value of N;j for a layer in a particular fenestration system, identical fenestration systems
were mounted in the two calorimeters, with provision made to electrically heat the selected
layer in one of the fenestrations. Electrical heat applied to that layer would simulate a small
increase in solar absorptance, and if a fraction N; of the applied power, P, flowed inward,
then the net heat flowing through the fenestration would increase by an amount Nj-P.
Since the calorimeter accurately measures the net heat flow and P is also known, varying P
and measuring the resulting change in net heat flow gave a direct measurement of Nj. In
this measurement, the companion calorimeter with the unheated layer was used as a
control.
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calorimeters.

At the outset, the inward-flowing fraction was obtained by comparing the difference
between apparent net heat flows through the fenestration in the two calorimeters, one with a
heated layer and the other without applied heating. Comparing this difference with the
applied layer power turned on to the difference with the power off (when it should have
been zero) gave the amount of the applied power that flowed inward from the heated layer,
and the inward-flowing fraction was directly obtainable from that. This method was used
to produce initial results. By selecting data only from the afternoon, as compared with data
averaged over the full 24-hour period, we were able to determine that, contrary to
expectation, there was not a strong dependence of the inward-flowing fraction on layer
temperature.
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This method of analysis was subsequently discarded as not sufficiently accurate and
reproducible. For many shading systems, particularly venetian blinds, the differences
between units were sufficiently large that it did not prove possible to mount different units
in the two calorimeters and have the net heat flows be the same for no applied layer power.
Initially, it was assumed that the problem was due to adjustment of the blind angles, and
considerable effort was spent trying to adjust one or the other blind angle to achieve equal
net heat flow. However, we observed that even when a good balance was achieved at the
outset, subsequent P=0 measurements under different sky conditions would not show
equal net heat flows in the two calorimeters. We finally concluded that variations in
stiffness, curvature and position among the slats of the two blinds resulted in two units
with intrinsically different transmissions. Although the two devices could be balanced
under a given set of sky conditions by small changes in slat angle, this did not make the
transmissions identical, but rather used changes in beam transmission to offset differences
in diffuse transmission. As soon as the sun angle or the direct-to-diffuse ratio changed, the
balance was upset.

“:1

where T,(t), T,(t), and I(t) are the measured values of the outdoor air temperature,

indoor air temperature, and incident vertical solar intensity, respectively, at the time t and
the subscript i denotes the heated layer, while (UA), B(t), and N, are parameters that were

determined by a least-square fit to the data. An example of a simplified version of the
fitting procedure (in which B was assumed to be a single constant) is shown in Figure 7.
In the final analysis, the parameter B(t), which is the effective solar heat gain coefficient
multiplied by the applicable area, was defined to be time-dependent as follows:

B) { B, for no direct sun on window 319
t) = . da
{LBz +B,-cos(8())  for direct sun on window
where B,, B,, and B, are constants, while 8(¢) is the solar incident angle relative to the
1> D2 3 )
normal to the plane of the window at time t. In the fitting process, (UA) and B(t) were fit

using only that portion of the data for which the layer power was off (P=0), and during this
fit (UA) was adjusted only between the hours of midnight and sunrise. The typical
measurement of an inward-flowing fraction consisted of installing a given window system
in both MoWITT calorimeters with provision to heat a particular layer of the fenestration in
one of the two calorimeter rooms (Chamber B). After both calorimeters were closed and
allowed to come to equilibrium, data-taking consisted of several days’ to a week’s
measurement with P=0, approximately the same time period with P set to a constant 30-
50W (or more for exterior venetian blinds), followed by another several-day period with
the applied layer power off. The layer inward-flowing fraction N, was determined by

fitting the days for which the power was turned on, and during this fit the other parameters

o TN T TS T

were held ixed at the va]ueq determined from the days with the power off.
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1.%4

Table 2 Measured Layer Inward-Flowing Fractions, N;, for Geometrically
Prototypical Systems
System Bind Inner Inner | Between- Outer Exterior
angle | Shading Glass Pane Glass Shading
below | Layer Shading Layer
horiz
Single Glazing o
with Interior 0.801+0.08 0.0610.06
Shade
Single Glazing | -45° | 0.6940.05 $.2410.09
with Interior 30° | 0.831+0.08 0.21+0.07
Venetian Cisd | 0.72+0.07 0.1410.05
Blind
Single Glazing .
with Exterior 45° 0.4610.12 | 0.041+0.01
Venetian Blind
Double
Glazing with 0.8510.10 § 0.5240.12 0.28+0.06
Interior Shade
Double
Glazing with 2o 0 AOL0 14 07146 05
°. 45° 1 0.861+0.06 | 0.6910.14 0.2110.09
Interior
Venetian Blind
Double | 450x 0.69+0.14 | 0.45+0.06 | 0.34+0.10
Glazing with
Bet‘.x.'ee:n-PaDe -45° 0.76+0.10 | 0.40+0.07 | 0.27+0.14
Blind
Low-E Double
Glazing with | 35° 0.46:0.12 | 0.38+0.05 | 0.3220.11
Between-Pane
Blind _
1JOU0IC
N Vamiceor 1111 ith e A~ <= P
wiastiis WL 1 450 0.7310.13 0.2840.12 | 0.0310.02
Exterior
Venetian Blind

* Blind measurement was made at 30° rather than 45°.
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The values of the layer inward-flowing fractions determined by this method are
shown in Table 2. The principal contributor to the quoted errors in the table was the
estimated systematic uncertainty in the absolute net heat flow measurement of the
calorimeter, which was typically 2-4W during these tests. The uncertainty arising from the
fitting process, estimated by standard statistical techniques, was much smaller. In all cases
the quoted error corresponds to one standard deviation. The RMS value of the deviation
between the measured and predicted net heat flow was in the range 10-30W.

The angular dependence used for the effective solar heat gain coefficient in equation
3.1a was selected as the simplest form that provided stable fits to the data. We initially
tried a theoretical form that used a constant direct-sun value for B. We found that this

produced a curve that did not peak as sharply during the dayiime as did our measured

values of W(t). This resulted in a curve that fit partly cloudy days better than very clear

respect, the resulting value of Nj would be biased. For four cases where we had made two
separate measurements of the same fenestration system layer at different times, we obtained
values of Nj that were not consistent within experimental uncertainties. With the angular
dependence of equation 3.1a, these repeated measurements each produced consistent vaiues

of Nj.

Using this method of data analysis we tested for temperature dependence by repeating
the above fitting process while allowing Nj to have a different value, (Nj)pMm, in the
afternoon (during which, for our west-facing tests, the window was in direct sunlight and
all parts of the glazing system were at substantially higher temperature) from that of the
night and morning, (Nj)am. This test produced no significant evidence for temperature
dependence in N;. There was a tendency for the difference (Nj)pm - (Ni)AM to be positive,
but on the average the magnitude of this difference was comparable to the experimental
error. For the five systems on which we had made repeated measurements at different
times we computed the mean and standard deviation of AN; = (N;)pm - (Nij)am for each
pair of repeated measurements. We found that the mean difference is never larger than the
standard deviation, which is a measure of the consistency of results obtained on separate
measurements of the same system. From this we conclude that the temperature dependence
if any, is not large compared to the experimental uncertainty. It is therefore

[ =g D §

ufficient to treat the Nj as constants within the measurement uncertainties in Table 2.

This conclusion must be regarded as encouraging, but preliminary because of the lack
of a plausible model of temperature dependent inward-flowing fractions to test against the
data. In this research all of the issues regarding inward-flowing fraction measurement
procedure, tests for temperature and weather dependence, and methods of extracting
information from the measurements had to be addressed simultaneously, and not
surprisingly we do not regard our tests as definitive on this issue. It is possible that either
improved analysis or more accurate and controlled tests will reveal behavior of the inward-
flowing fractions that was masked by measurement uncertainties or analysis artifacts in this
treatment. On the other hand, small variances in the Nj with ambient conditions will not
greatly affect the SHGC calculated from equation 1.
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Comparison of the Layer Calculation with
MoWITT Measurements

MOoWiTT Measurement of Solar Heat Gain Coefficients

The MoWIiTT Facility also p“‘v‘“es a calorimetric measurement of the solar heat gain.
AN Y an e e T, At ale o £24 cmcemers A £ o f

In equation (3) above the constants B; determined in the fit provide a simpli
the solar heat gain coefficient. A more sophlstlcated model was not
it as AL L

determinations because the solar gain characteristics of the modi
Chamber B used to measure the inward-flowing fractions are of no inirinsic inierest.

However, the baseline comparison systems measured in Chamber A were in some
cases unaltered fenestration systems utilizing the same elements studied with the scanner.
Subsequent to the above analysis, this data was analyzed in more detail using the following
model:

6
. . [P — s\ . PR = roN [-“ ,,\-i r s\ N 7NN A AN
W) = A-|T,(¢) - T,() |+ By - 8o(1) - Ip(1) + l 2B, -8, | - I5(1) - cos(B(#)), (4.1)
L=l J
where A, Bp and B, are fitted constants and the functions go and g, are defined as

(1 if the sunis up at time ¢
go(t) =
0 otherwise
4.2)
(1 ifr is within hourn
1= .
8:.() iO otherwise

The intensity of the beam radiation Ip is determined from the pyrneuometer included in the

MoWiTT instrumentation. This is also used to caiculate the diffuse part, Ip, of the vertical-

surface solar intensity at the window. The angle 6(t) is of course the instantaneous solar
|

. L

incident angle. The n hours were selected as those for which direct sun illuminate
window, afternoon hours in most cases, since the orientation was west-facing. When there
were not six hours of daylight, terms were dropped from the sum and the corresponding B

values ignored in the fitting.

Q
=
fon)
[¢]

..... i cnng lasisler tantnsmrala wrra ~Anar

over the same hourly intervals, we wu}d assocxate the B, with the corresponding average
ciim amalae Qluma tha ciirm anaglee may rhanage AR (J 1

sun angles. Since the sun angles may change on the order of 15° per hour, this procedure
ncra 11e am amciilar racaliitl A amiaaimamalala ta that ~ A oronTAr T

gave us an angular resolution comparable to that of the scanner measurements.

For the case of the buff venetian blind (for which scanner measurements are
described above) mounted as an interior blind on a wood-frame, double-glazed window
(2.5 mm clear glass each pane), the derived beam solar heat gain coefficients are plotted in
Figure 8 as a function of solar incident angle for three separate measurements made at
widely separated times and during various months from April to November. The angular
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dependence of the solar heat gain coefficient is apparent from this data. The separated
measurements agree with one another reasonabiy weil, even though the solar azimuths of
data points with the same incident angie may be substantiaily different. This point wiii be
discussed further below. Differences between measurements may aiso reflect the difficuity
of setting the blind slats at a precisely reproducible tilt angle in the field. For points at both
extremely high and extremely low incidence angles the hourly SHGC determinations are
untrustworthy and were not included in the plot, and the largest-angle points included have
substantial experimental uncertainties. The high angles occurred just after solar noon when
the sun begins to be incident on the west-facing facade; these conditions are particularly
sensitive to window reveal, exact placement of the blind relative to the window frame, and
other idiosyncrasies of the experiment. Low angles, on the other hand, occurred near local
sunset (when the sun disappears behind the mountains) and correspond to low solar
intensity. Errors in heat flow measurement, small residual time lags in the chamber, and
similar effects were combined with the fitting uncertainty to produce the error bars on the
points. In addition, the particular fit method used may produce underestimates of the true
uncertainty, since certain correlations between the fitted parameters were disallowed in
order to avoid predictable experimental problems. For example, hours when there were
direct sun were not allowed to contribute to the fitting of the diffuse constant.

i
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Comparison of the Layer Calculation with MoWiTT Measurements

- i . n ‘T‘b anrn b ;C‘
L}{eo, ¢0, 9,, ¢,), |Jf 1% aud G dao
the buff venetian blmd with 45° slat tilt together with published (Rubin 1985) properties of

P B |

clear glazing were utilized in the layer calculation method described above to produce the
directional-hemispherical transmittance and system directional layer absorptances for
double glazing with interior blind. The layer caiculations were carried out and were in turn
combined with the results for Nj from Table 2 using equation 1 to produce the beam solar
heat gain coefficient, F(0, ). The angle ¢, which was defined in (Kiems 1994A) for the
layer coordinate systems, is inconvenient when discussing sun angles. We use instead the
angle V¥, where y=¢-180°. The angle 0 retains its identity as the angle of incidence. The
relation of these angles to the sun direction is shown in Figure 9. The beam SHGC as a
function F(8,y) of these two angular variables is displayed in Figure 10 for downward-

going incident directions.

scann AT TR AQOITIATA A

The scanner measurements o

~r~~1_ / Horizontal
. Plane

window_ U EENNNZ

ENYANY 4

[ XY Vo
A A V/////W ~

NN
A N\ VDN

\/ h
/ N

/
Fig. 9 Relation Between Sun Angles (6,y) and Layer Coordinates (0,9).

The calculation in Figure 10 is based on the photometric data accumulated by the

scanner. A second calculation was also carried out using radiometric (spectrally flat)

sensor data. In principle, the latter is preferable; however, in this instance a number of

Shaaor ReQL&. 222 Ll 15 Vlvlividauie,

problems made the dlomemc data suspect. First, the low transmission of the blind in the
forward direction meant a low radiometer signal in that sensor, which because it is a

"
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al o __ 2l _ .

thermal sensor is much less sensitive than the pnoto
internal noise is negligible; for the radiometric sensor it was a serious pro
was aiso vuinerable to thermal drifts, and we had some indication that there was heating of
the sensor and integrating sphere in angular configurations for which there was higher
transmittance, and this in turn may have caused thermal drifts that were significant when
the detector moved to a region of smaller transmittance. Since we do not expect a great deai
of spectral selectivity between the visible and near-infrared regions for this fenestration
system, we are inclined to believe the photometric sensor when the two disagree.

et

In Figu 10 the solar heat gain coefficient is shown only for downward-sloping
incident directions (0 < < 180°). Upward-sloping incident directions can occur only for
ground- reflected radiation, which is a broad angular distribution because the reflection is
d;ffusg, Gmund refl_e.ctcd radiation will appear as a part of the diffuse component of the

east on clear days is much smaller than the beam

ve will be discussing primarily beam radiation. The

il
[and
f—

contribution. In the fn]ln

aaii iU iV, 2 Q22

transmittance for upwardly- slopmg incidence does appear as part of the solar heat gain
coefficient for downward 1_-c_denc~e_ but (as can be concluded from visualization), the
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with Yy, which made it meanmgful to plot the data as in Figure 8. The MoWiTT
measurements from which this graph is drawn are listed in Table 3, from which it can be
seen that the overall variation in \ is substantial, however, and a quantitative comparison
between the measurement and calculation must take this into account. Figure 11 shows the
actual sun path in the appropriate coordinate system for the measurement periods
corresponding to the data, superimposed on the contour plot of F(8,y). The calculated
values are hourly averages of F along those contours, corresponding to the hourly SHGC
values determined from the data.

In Figure 12 we compare the data and calculations in Table 3. Each set of points
must be compared only to its corresponding curve; for example, the 1989 data fits its curve
more closely than do either of the other two data sets; the fact that the 1991 curve lies close
to the 1988 data and visa versa is an irrelevant by-product of displaying all three data sets
on the same plot and should be ignored.
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Table 3 MoWiTT Measurements and Layer Calculation of the Solar Heat Gain
Coefficient for Clear Double Glazing with an Interior Venetian Blind, Slat Angle

45° Down
Measurement | Mean Solar Incident Direction SHGC
Run 0 ¢—180 MoWiTT Layer
(degrees) (degrees) Measurement Calculation

Oct, 1988 28.29 159.03 0.49 £ 0.07 0.59
42.48 149.84 0.51 +£0.01 0.52
56.77 145.73 0.43 +£0.02 0.45
70.77 143.87 0.37 £0.05 0.25
August, 1989 30.90 111.89 0.53 £ 0.01 0.52
46.07 117.10 0.51 +£0.02 0.48
60.58 119.31 0.43 £0.04 0.40
74.47 120.03 0.35 £0.07 0.22
Sept, 1991 27.56 132.69 0.58 +£0.04 0.54
42.57 131.60 0.56 £ 0.01 0.50
57.54 131.27 0.49+ 0.03 0.43
71.84 130.94 0.37 £ 0.06 0.27
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Fig. 12. Comparison of the Layer Calculation of SHGC with the MoWiTT
Measurements for Clear Double Glazing with and Interior Venetian
Blind. Three sets of measureed points from measurement periods with slightly

2 LL ek conam b immbmaatnn nea clharrree srritle tlhatae AmsmeancamAimsr Arsemran AalAanilatad it
UILICICIL ull ll'd.JCLLUlle alT SIUWIL WIUL UICHE COLIOOPULIULLIE LULYES Laltulatcl will
the layer method: Oct., 1988: Solid circles and heavy solid line; Aug ., 1989:
Open circles and heavy dashed line; Sept., 1991: Solid triangles and light dotted
line.

Discussion

We consider the layer calculations and the MoWiTT measurements in Figure 12 to be
in quite significant agreement. The calculation reproduces the angular trend in the data



quite well, with the normalization o
importance, and in one of the dat:

difficuity of arranging the blind tilt reproducibly in the field
other issues that were being investigated simultaneously), one would scarcely expect better
agreement. Where there are larger deviations between the points and the curves, one
expects poorer reliability in either the calculation or the measurement (or both). This occurs
at the end of the curve: the large-angle end with the highest sun angle in each data set may
give data of poor quality because of the effects of window reveal and blind edges, which
are not dealt with in the calculation. In addition, as discussed in the section on scanner

measurements, large errors in the region of 75° incident angie are expectable.
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Venetian blinds are expected to be among the most severe tests of the method, and
agreement of the angular dependence puts a stringent test on the whole calculation

methodology. The sy tem front transmittance and blind layer absorptance in the system
have magnitudes that are in some places comparable but have quite different angular

coe . Matching the MoWiTT angular
the mwal domination of a single physical

u 1 1 v 3 1yol

shapes. Since the blmd inward-flowing fractlon 1s some 86%, both of these make
ntr

That we were able to extract a reproducible angular-dependent solar heat gain
coefficient from the MoWiTT data is in itself a remarkable new achievement. Operating in
a fixed orientation for any given test (rather than foliowing the sun), the MoWiTT both
represents a realistic window environment and experiences a variety of sun angie
conditions. Operating a calorimeter in this mode has been controversial, and the
demonstration that detailed angular information can be disaggregated from the data gives an

important new option in fenestration system property measurement.
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bases used by calculation models, such as WINDOW or VISION, for specular glazing
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SHGC determination. Indeed, t

F

1

required by the layer method and the data required n 1

the latter case, it is true, the detailed and wmpucatcd heat transfer correlation informs
conveniently summarized by semi- empmcal formulas, but once one has moved from
simple glazing U-values to overall window U-values, it becomes necessary to include a
large amount of information about detailed frame design and geometry in order to produce
resuit. As U-value treatments extend to more geometrically complex glazing elements,
such as skylights and greenhouse windows, it may well be that the heat transfer data will
also become less susceptlble to formula summaries and require larger system-specific data

bases.

)
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There is nothing novel, therefore, in the need for a large and complex intermediate
data base.

There is, as was noted at the outset of this project, a formidable combinatorial
problem in the area of solar heat gain coefficients, but in terms of data presentation this is
also not new. Again, the extension of U-value attention to framed windows and the desire
for high accuracy has introduced the combinatorial problem to U-values; the chief
difference here is that the potential number of combinations is much larger for shading
systems.

The new probiem is the sensitivity of the finai resuit to orientation, location and solar
position, at ieast for some compiex shading systems. In comparing the caicuiations with
MoWiTT measurements we touched on this probiem; here we examine its impiications for
the presentation of SHGC, e.g., in the Handbook of Fundamentals.

The organization and function of the data base accumulated in the course of this
project is outlined in Figure 13. It has a directory tree structure consisting of two arms.
The more basic arm is the layer data, which contains the bi-directional layer solar-optical
(and photometric) properties. These may come from a variety of sources; in the present
instance they are produced either from manufacturer or published data (manufacturer or
published data (for specular glazings), or from scanner measurements. They may also be
produced theoretically for specific model systems (e.g., perfectly diffusing layer,
theoretical model of a venetian blind, etc.). It is also envisioned that in the future they may
be produced by detailed calculations from material surface and system geometrical
properties, e.g., by monte-carlo ray-tracing.

The second arm consists of systems identified by a unique 1.D. 3-digit code built up
from the iayers by the iayer caiculation. Entries in this arm are added automaticaily as
caiculations of system properties are carried out by the iayer calculation program (calied
TRA). A system has an I.D. code constructed by listing the layer I.D.'s that compose it,
from outside to inside. For example, if 999 is the code for a clear 3mm sheet of glass and
060 is the code for a buff venetian biind at a 45° siat angie (in the current organization,
different siat tiits are treated as different iayers), then the system code 9999955060 wouid
define a clear double giazing with interior venetian biind (45° slat tiit), while the code
999060999 would define a clear double glazing with blind between the panes and
the figure, combines the opticai data files for the system with the appropriate inward-
flowing fractions to produce the directional solar heat gain coefficient for the system.

In Figure 14 is a repeat of the contour plot, shown previously, of the polar directional
beam SHGC for the double glazing with interior buff venetian blind at a 45° downward
slat tilt. Superimposed on the plot are the sun trajectories in this coordinate system for 40
degrees North Latitude. The trajectories are plotted for three orientations of the window

nd for the days of the summer and winter solstices and the (spring or fall) equinox. Over
gure along the appropriate

It is clear from the figure that for most of the conditions the system will have a solar
heat gain coefficient that varies with time. Only for the case of the winter solstice does the
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sun trajectory follow approx1mately an equi-SHGC contour. While it is obvious that the
east and wesi orientaiions are relaied by symmetry, and hence Ouly Ofi€
presenied, it is also true that in these orientations the trajectories are neariy orthogonai to
contours, and thus show the most rapid variation. iati

substantial effect on solar heat gain and on building loads.

Table 4 lists the resulting hourly SHGC values, as they might be presented in a
handbook format.
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Tabie 4. Doubie Giazing with interior Shade, 45° Siat Tiit.

ANO AL 1 alta.. .
“4VU- N. LdLituue

Summer Soistace

lar Angle SHGC
Hour Altitude East South West
55 ) 0. }
5.5 20 0.54
7.5 31 0.51
8.5 43 0.49 0.09
9.5 54 0.43 0.12
10.5 65 0.29 0.20
11.5 72 0.11 0.24
12.5 72 0.24 0.11
13.5 65 0.20 0.28
14.5 55 0.12 0.42
15.5 43 0.09 0.49
16.5 32 0.51
17.5 20 0.54
18.5 9 0.57
Spring Equinox
Angle SHGC
Hour Altitude Eas South est
6.5 14
7.5 25 0.09
8.5 36 0.21
9.5 47 0.31
10.5 56 0.35
11.5 61 0.38
12.5 61 0.38 0.13
13.5 55 0.35 0.32
_14.5 46 0.30 0.45
15.5 36 0.20 0.50
16.5 24 0.09 0.53
17.5 13 0.56
Winter Solstace
Angie SHGC
Hour Altitude East South West |
8.5 7 11 0.54 0.53
3.5 5 18 0.46 0.53
10.5 2 24 0.31 0.52
11.5 7 27 0.11 0.52
12.5 8 26 0.52 0.13
132.5 23 23 0.52 0.33
14.5 36 18 0.52 0.47
15.5 48 10 0.53 0.55
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Conciusions
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viable way of determining the performance of complex

photometer measurements sa 0
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in~rramantally th a wide varietu nf cuctamece A rcnmulating the data hace 10 admaittadly an
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arduous process, but we have now accumulated a set of the most time-consuming
maacnramanto__thnoca nf inuward_flAawino frantinne _that chanld allaw tha traatrmant Af manct
MCasurciiiCns--uiGtst O iwarG-niowiiig-iaCiiGiisS—-uiar 310Ul aulw uil uTauiiCiit Or IMidst
Af tha ~Anmman cugtarmea rnrrantly in iga

O1 uil COMimioil SySiCins CuriCiiuy il usd

This points the way to a radically new way of approaching complex fenestrations,
where the calorimetry is essentially done and the emphasis is on making the appropriate
solar-optical measurements. A considerable variety of methods for making these methods
exist or are conceivable, and vary in complexity with the type of system.

arge amount of detailed data produced by the scanner appears to be important for

7

aInino a irate characterization of the most ontically comnlex fanactratinn alemante
“‘llll‘s «ii u\«vulutv WLECAL CAN LN/ L L LR il w\J

CAN/LL VL LA 131V OLV tl J A4AX AW AWVIAWUIMLGULLIVILL WwiAWIlAVLIIW
cncrh ac vanatian hlinde Tn fant it annearc that a finer ananlar arid than tha 180 Ana nced
DULIL AAD Y Wwiivilidll Vi1iiinAD. A1l 1AWy 1L yvmo LiiAL Q4 1111w “ll&ul‘u 511\.1 LI2AILR VIl AV WVilvw WOows
hara may oe Aacirahla Furthar invactiaatinn ic warrante N datarmine the ralatinn hatwaan
nwviw 11 la] Uw UwolliAauviv. 4 UL llivi lll'\tol-lsubl\lll 10 YVAllidliltwvag I-U NAWLWLILLIALLIW Lilw AWiCALIVLL UviL YV wwil
the achievable accuracy and the simplification of measurement.

Further instrumentation work will be necessary to develop a method for dealing with
the optical properties of the most complex fenestration elements in a manner that is rapid,
accurate and cheap.
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importance of this issue.

It is something of a mystery (at least to these authors) why the inward-flowing
fractions appear to be so independent of temperatures and weather conditions. This project
had too broad an agenda to treat this issue in sufficient detail, and additional research is
recommended. We note that it is likely to prove a demanding research task.
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